Previous research shows that blocking highs (BHs) influence wintertime polar stratospheric variability through the modulation of the climatological planetary waves (PWs) depending on the BH location. BHs over the Euro-Atlantic sector tend to enhance the upward PW propagation, and those over the northwestern Pacific Ocean tend to reduce it. Future changes are examined in the response of the wave activity flux to the BH location and their relationship with wintertime stratospheric variability in transient simulations of ECHAM/Modular Earth Submodel System (MESSy) Atmospheric Chemistry (EMAC). After it is verified that EMAC can reproduce qualitatively well the geographical dependence of the BH influence on PW activity injection, it is shown that this dependence does not change in the future. However, an eastward shift of the pattern of the BH influence on PW propagation over the Pacific, a farther eastward extension of the pattern over the Atlantic Ocean, and an intensification of the wavenumber-1 component of the interaction between climatological and anomalous waves are detected. Changes in the upper-tropospheric jet and an intensification of the wavenumber-1 climatological wave due to a strengthening of the Aleutian low agree with these variations. The spatial distribution of future BHs preceding extreme polar vortex events is also affected by the slight modifications in the wave activity pattern. Hence, future BHs preceding strong vortex events tend to be more concentrated over the Pacific than in the past, where BHs interfere negatively with wavenumber-1 climatological waves. Future BHs prior to major stratospheric warmings are located in a broader area than in the past, predominantly over an extended Euro-Atlantic sector.
Introduction
Blocking highs (BHs) constitute one of the clearest examples of tropospheric precursors of wintertime polar stratospheric variability (e.g., Martius et al. 2009; Kolstad and Charlton-Perez 2011) . They consist of anticyclonic quasi-stationary anomalies in the tropospheric pressure field that persist for several days to weeks, obstructing the westerly winds and midlatitude weather systems (Rex 1950) . BHs also modify the upward propagation of tropospheric planetary waves and thereby influence the polar stratospheric circulation in winter (e.g., Polvani and Waugh 2004) .
Early studies have already shown examples of major stratospheric warmings (MSWs) that were preceded by BHs (e.g., Julian and Labitzke 1965; Quiroz 1986 ). In the last decade, several authors have revisited this topic by analyzing the period covered by reanalysis data. Taguchi (2008) could not establish a statistical relationship between the occurrence of MSWs and the existence of preceding BHs. Following work focused on the impact of the geographical location of BHs on stratospheric variability, which helped to reconcile Taguchi's results with previous analyses (Martius et al. 2009; Castanheira and Barriopedro 2010; Woollings et al. 2010; Nishii et al. 2011 , hereafter N11). Martius et al. (2009) showed that the distribution of BHs prior to MSWs determines the type of MSWs due to the BH influence on the upward propagation of planetary wave (PW) activity. Accordingly, MSWs characterized by a displacement of the vortex toward northern Europe are preceded by BHs over the Atlantic Ocean. MSWs resulting in a splitting of the vortex are preceded by Pacific BHs or simultaneous BHs over the Atlantic and Pacific Oceans Castanheira and Barriopedro (2010) confirmed the results of Martius et al. However, they also linked Pacific BHs to a destructive interference of climatological wavenumber-1 PW activity that sometimes is followed by an intensification of the polar vortex. This was also stated by Orsolini et al. (2009) and Nishii et al. (2010) , but only for western Pacific BHs. This geographical dependence of the influence of BHs on the vertical PW propagation might explain the lack of statistical relationship between BHs and MSWs in Taguchi (2008) . Similar conclusions to those of Castanheira and Barriopedro (2010) were derived by Woollings et al. (2010) , but with contradictory results of the role of planetary wavenumbers 1 and 2 on the forcing of MSWs associated with European BHs. Later, N11 analyzed in detail the effects of BHs all over the extratropical Northern Hemisphere on the upward planetary wave propagation. They confirmed with more geographical detail the results about the effects of western Pacific and Euro-Atlantic BHs on wavenumber-1 and wavenumber-2 PW activity of Castanheira and Barriopedro (2010) . They also stated that the BHs developing over Alaska and the eastern Pacific can either enhance or suppress the upward propagating wave activity depending on the case. Additionally, they quantified the importance of the interference between climatological and anomalous planetary waves in the total anomalous upward propagating wave activity related to BHs by applying a methodology based on the decomposition between a zonally varying time-mean state and local departures from this time-mean state (Nishii et al. 2009 ).
The influence of BHs on stratospheric variability has also been investigated in model simulations. In an early GCM study, Erlebach et al. (1996) related the development of an MSW to the previous occurrence of a BH over the eastern Atlantic. More recently, Bancalà et al. (2012) analyzed the distribution of BHs prior to the two types of MSWs in Middle Atmosphere ECHAM5 (MAECHAM5)/Max Planck Institute Ocean Model (MPI-OM) simulations. They found similar results to those from reanalysis data by Martius et al. (2009) . Vial et al. (2013) examined in more detail the relation between MSWs and BHs in a simulation with L'Institut Pierre-Simon Laplace Coupled Model, version 5A (IPSL-CM5A), extending the analysis to other features related to BHs, such as changes in their duration associated with MSWs or possible effects of MSWs on blockings. In particular, they found that whereas BHs tend to last longer prior to the occurrence of MSWs (especially over the Eurasian sector), BHs forming after these events show a shorter duration. Additionally, Eurasian BHs shift westward after the occurrence of MSWs.
Because of the importance of BHs for atmospheric variability, some model studies have focused on possible changes of these phenomena in a future climate (Sillmann and Croci-Maspoli 2009; de Vries et al. 2013; Dunn-Sigouin and Son 2013; Masato et al. 2013 ). All of them have found a general decrease in the frequency of BHs in the future over the two main areas, the Euro-Atlantic and Pacific sectors. Additionally, most of these studies found an eastward shift and a farther downstream extension of the areas with high frequency of BHs in the Euro-Atlantic sector in future winters (Sillmann and Croci-Maspoli 2009; de Vries et al. 2013; Masato et al. 2013 ). De Vries et al. (2013 related both changes in BHs to modifications of the mean climate, in particular, to a stronger and farther eastward extending tropospheric jet.
The purpose of this study is to go one step further and to investigate in which way future changes in BHs will influence stratospheric climate. Since the location of BHs in winter has been shown to have a strong impact on the upward propagation of planetary waves and thus, stratospheric variability, we focus on the analysis of possible future variations in the BH location and their effects on the above mentioned phenomena. To this end, the method of N11 was applied to output from transient simulations with the state-of-the-art chemistry climate model (CCM) ECHAM/Modular Earth Submodel System (MESSy) Atmospheric Chemistry (EMAC). First, we have validated the ability of EMAC to reproduce the observed geographical dependence of the BH influence on stratospheric variability in the recent past. In a second step, we have analyzed how this relationship changes in the future.
The structure of this paper is as follows: Section 2 describes the data and the methodology used in this work. The effects of the location of BHs on the upward propagation of PW activity and on the stratospheric variability in the past and the future of our model simulation are shown in section 3. In section 4, we discuss our results seeking for the possible causes that explain the future changes shown in section 3 and the robustness of the future signal. Finally, in section 5, we include a summary with the main conclusions derived from our work.
Data and methodology

a. Data description
The basis for the analysis of the abovementioned topic is provided by a transient simulation of the period 1960 to 2100 using EMAC. EMAC is a numerical chemistry and climate simulation system that includes submodels describing tropospheric and middle atmospheric processes (Jöckel et al. 2006) . It uses the first version of the Modular Earth Submodel System (MESSy1, v1.10) to link multi-institutional computer codes. The core atmospheric model is the fifth-generation European Centre Hamburg general circulation model (GCM) (ECHAM5; Roeckner et al. 2006) . Here we applied EMAC in a T42L39MA-resolution configuration, that is, with a spherical truncation of T42 (corresponding to a Gaussian grid of approximately 2.88 longitude 3 2.88 latitude) and 39 hybrid levels up to 0.01 hPa (;80 km). Relevant submodels for the stratosphere are the chemistry module Module Efficiently Calculating the Chemistry of the Atmosphere version 1(MECCA1; Sander et al. 2005) , the shortwave radiation scheme RAD4ALL-Freie Universität Berlin Radiation (FUBRAD) (RAD4ALL-FUBRAD; Nissen et al. 2007) , and parameterizations for orographic and nonorographic gravity waves (Lott and Miller 1997; Hines 1997a,b) .
A transient simulation was performed for the future representative concentration pathway 8.5 (RCP8.5) scenario that assumes an extreme future climate change, characterized by an additive anthropogenic radiative forcing of 8.5 W m 22 exerted on Earth's climate system by the end of the twenty-first century (Meinshausen et al. 2011) . The run includes forcings by ozone-depleting substances (adjusted A1 scenario; WMO 2007) and greenhouse gas concentrations (GHGs) following the specifications for this scenario. Sea surface temperatures (SSTs) and sea ice concentrations (SICs) were prescribed from a corresponding RCP8.5 simulation with the coupled atmosphere-ocean GCM ECHAM6/MPI-OM (Jungclaus et al. 2013) . Other natural forcings such as solar variability are also included in the simulation. The quasi-biennial oscillation (QBO) is nudged to observations in the past and then repeated in the future. Future changes in BHs are deduced by the comparison between the last 40 winters of the run (denoted as future) with the first 40 winters (denoted as past). To obtain confidence in our conclusions the most relevant results are compared with a second EMAC transient run performed under a weaker climate change scenario (RCP4.5). Daily data of this study have been filtered with an 8-day low-pass filter to retain only quasi-stationary circulation anomalies, since this study focuses on phenomena related to BHs (N11). The climatological daily mean of each period is computed as the mean of smoothed filtered data for each calendar day. The smoothing of data consists of a 31-day running average, so that a slow seasonal evolution of the circulation is obtained (Nishii et al. 2009 ). Daily anomalies of all fields are defined as the deviation of 8-day low-pass-filtered daily fields from the daily climatology.
b. Blocking highs
In this study BHs are identified following closely the method of Nakamura et al. (1997) . BHs correspond to the 20 strongest centers of anticyclonic anomalies at the 250-hPa pressure level within 500 km of each grid point in the 40 extended winters [November-March (NDJFM)] of each period of study (1960/61-1999/2000 or 2060/61-2099/2100) . To ensure the independence of two BHs, they have to be separated by more than 8 days.
Some remarks are added here about the appropriateness of this algorithm for our study. First, the number of BHs for each grid point is fixed in our computations (20 events; i.e., approximately one BH episode every two seasons). An analysis of the occurrence frequency of BHs is beyond the scope of this work. Moreover, when considering 20, 30, or 40 BHs, the main conclusions do not change. Additionally, while Nakamura et al. (1997) and N11 have already proven that events selected with this algorithm capture the characteristics of typical BHs and similar verifications have been done for our model data, it is not highly relevant if a few of the BHs identified in this study are not strictly BHs. We are mainly interested in the effects of strong circulation anomalies with an important influence on Rossby wave activity and thus on stratospheric variability. Finally, apart from the dynamical arguments indicated by N11 for the selection of the described algorithm, this method shows other advantages for the aim of this paper in comparison with the traditional methods by Dole and Gordon (1983) or Tibaldi and Molteni (1990) . In particular, it allows us to obtain a two-dimensional distribution of BHs that is based on the climatology of each period and not on any arbitrary threshold for the strength of an event. We only specify a number of events selected at each grid point. Additionally, it is not restricted to any reference latitude or regions derived from the analysis of observations in the current climate. This is particularly convenient for a model study that compares past and future periods, since the behavior and distribution of BHs may change under different climate conditions because of changes, as well as model biases, in the background state (Scaife et al. 2010; .
c. Upward wave activity propagation
The zonal-mean meridional eddy heat flux at 100 hPa at middle and high latitudes has been shown to be a good measure of the tropospheric PW activity entering the stratosphere in winter (Hu and Tung 2003; Nishii et al. 2009 ). Anomalies of this metric averaged poleward of 458N for the period from day 22 to day 17 around the peak of BHs are used here to characterize the fluctuations of the upward wave activity related to the occurrence of these events.
The characteristics of the total eddy heat flux anomalies have been analyzed based on a decomposition of the wave field into two different components: the climatological stationary waves (the wavy background flow) and the wave anomalies embedded in this flow. According to this decomposition the anomalous vertical wave activity flux can then be expressed as the sum of three terms (Nishii et al. 2009; Smith and Kushner 2012) :
where brackets and asterisks denote zonal mean and deviation thereof, respectively, y is the meridional wind, and T is the temperature. The subscripts a and c stand for anomalies and climatological values, respectively. Note that T* and y* are calculated for all wavenumber components using fast Fourier transform filters. The product of a certain wavenumber Fourier components of T* and y* gives the contribution to the heat flux of this wavenumber. When computing this product for the sum of all Fourier components of T* and y*, the total heat flux is obtained. The first right-hand term of Eq. (1) corresponds to the nonlinear contribution of anomalous waves. The sum of the second and third right-hand terms of the equation represents the linear interaction between climatological and anomalous waves (i.e., the modulation of climatological waves by wave anomalies). The values of the total anomalous eddy heat flux and its contributing terms associated with the occurrence of BHs around each grid point are then plotted in the corresponding grid point of a two-dimensional plot as in N11.
d. Extreme polar vortex events
The link between the location of BHs and the occurrence of extreme polar vortex events (major stratospheric warmings and strong polar vortex events) is analyzed in this work. The central date of MSWs is identified by applying the World Meteorological Organization (WMO) criterion (Labitzke 1981) . According to this criterion, a MSW is defined by a simultaneous reversal of the zonal-mean zonal wind at 10 hPa in 608N and a positive zonal-mean temperature difference between 608N and the pole. Two events are separated by at least 10 days of consecutive westerly winds, corresponding to the radiative relaxation time scale at 10 hPa (Newman and Rosenfield 1997) . Stratospheric final warmings are ruled out by requiring 10 days of westerly winds before 30 April and after the occurrence of a warming. According to this criterion, Ayarzagüena et al. (2013) identified a frequency of 5.5 MSWs per decade in the past period in the RCP8.5 run. This value agrees well with the 6.0 events per decade detected in observations of the same period (Charlton and Polvani, 2007) . In the future, MSWs show an increase in their frequency with respect to the past (8.3 versus 5.5 events per decade, respectively), but this change is not statistically significant at a 95% confidence level. In fact, the only significant change that is found in the future is a shift in the seasonal distribution of MSWs in winter toward middle and late winter (Ayarzagüena et al. 2013) .
Strong polar vortex events (SPVs) are computed based on the northern annular mode (NAM), defined as the first empirical orthogonal function (EOF) of the monthly mean 10-hPa geopotential height anomalies in winter (NDJFM) poleward of 208N (Baldwin and Dunkerton 2001) . The daily NAM index is calculated by projecting the 8-day low-pass-filtered 10-hPa geopotential height (Z) anomalies onto the NAM pattern (N11). SPVs are identified when the NAM index exceeds 11.5 standard deviation, so that the number of events is close to that of MSWs in the past. A further verification has been done to ensure that SPVs are related to values of zonal mean zonal wind at 608N and 10 hPa stronger or very close to the critical stratospheric velocity at this latitude for the propagation of wavenumber-1 (WN1) Rossby waves (;30 m s 21 ) (Andrews et al. 1987) . Since McLandress and Shepherd (2009) have suggested that a relative criterion based on the NAM index is more suitable for the analysis of future MSWs than an absolute one, we have repeated the analysis about the location of BHs prior to MSWs but, in this case, identifying the extreme weak polar vortex events based on the NAM index. Although the change in the frequency of MSWs is not statistically significant in any of both criteria (WMO and relative), the results for this geographical analysis show some mismatch. In spite of this, as our analysis is purely focused on the dynamics and we are not interested in a frequency analysis, we prefer to keep the criterion based on the reversal of the wind for the identification of MSWs due to its dynamical implications, namely that it determines whether PWs propagate or not into the middle stratosphere [in agreement with Bell et al. (2010) ].
e. Statistical tests
In this study different two-tailed Student's t tests (with one or two samples of independent events) are used to compute the statistical significance of the results and provide robustness to the conclusions. To compute the statistical significance of anomalies of different fields in . Contours indicate the regions with statistically significant values at a 95% confidence level (t test). The plots are displayed in stereographic projection oriented 1808. a composite map, a one-sample Student's t test is applied. In this test, we set as null hypothesis (H 0 ) the anomalies to be zero. Thus, the rejection of H 0 will imply the composited anomalies to be statistically significantly different from zero. In contrast, in future-minus-past difference plots, a two-sample Student's t test was used to determine whether these differences are statistically significant. In this case, the null hypothesis is the equality of the means of the future and past periods and since the sum of the number of events in both periods is higher than 30, the null distribution of Student's t distribution coincides with the typified normal distribution (Wilks 2011) .
Results
a. Effects of the location of BHs on the upward propagation of PW activity
As a first step, the ability of EMAC to reproduce the effects of the location of BHs on the upward wave propagation in the recent past has been assessed and compared with the results from the Japanese 25-year Reanalysis Project (JRA-25) in N11. The first row of Fig. 1 illustrates the anomalies of the area-averaged 100-hPa eddy heat flux poleward of 458N for the period from 22 to 17 days around the peak time of BHs for the recent past in the EMAC RCP8.5 run as a function of location. The same is shown for the two contributing terms to the total anomalies [Eq. (1)]. The time window was selected based on the evolution of the anomalous eddy heat flux associated with the occurrence of BHs around two specific grid points. These two grid points are located over the western Pacific (688N, 1748E) and northern Eurasia (718N, 378E) , where, according to N11, BHs have a strong and opposite influence on the upward wave propagation. The anomalous heat flux is strongest between 22 and 17 days around the occurrence of BHs (not shown). Figure 1a shows that whereas BHs over the western North Pacific and northeastern Asia tend to reduce the upward propagation of PW, those over the Euro-Atlantic sector lead to an enhancement of upward-propagating wave activity. This agrees well with previous results (e.g., Castanheira and Barriopedro 2010; Nishii et al. 2010; N11) . More specifically, the interaction term (Fig. 1c) is the most important contributor to [y*T*] a , in EMAC. This is consistent with the spatial coincidence of BH-associated positive or negative anomalies of heat flux and climatological ridges or troughs, respectively (cf. Figs. 1a and 2) .
There is also a good agreement between EMAC results and N11 in the spatial pattern of influence of BHs on the eddy heat flux, since the locations of BHs with associated statistically significantly positive or negative anomalies of eddy heat flux are similar to those observed in reanalysis data (cf. Figs. 5a,d,g of N11) . Additionally, the magnitudes of the anomalous eddy heat flux and its two contributing terms are within an order of magnitude of the values shown in N11. The only evident discrepancy is the smaller extension of the regions of BHs with associated statistically significant values of heat flux over the Euro-Atlantic sector and eastern Asia in EMAC, which also appears even when considering 30 events for each grid point as in N11.
In the future, there are no major changes in the main locations of BHs with associated enhancement or reduction of [y*T*] a (Fig. 1d) . However, some geographical modifications in the main pattern are detected, particularly, in the latitude band between 558 and 708N, where BHs have the highest influence on the wave activity. The wave-influencing BHs over the North Pacific shift eastward and those over the Euro-Atlantic sector occupy a more extended area in the future, particularly over the eastern edge of the region (Figs. 1 and 3a) . The shift over the Pacific region is also represented by the significantly positive future-minus-past differences over Siberia and the negative ones over Alaska, particularly in the interaction term (Fig. 1i) . It is also statistically significant over the latitude band of 558-708N (Fig. 3a) . The larger extension of the regions of waveinfluencing BHs in the Euro-Atlantic area is also evident in the statistically significantly positive future-minus-past differences on both sides of that sector (Figs. 1g,i) . At the latitude band of 558-708N the larger future extension is clear on the eastern side (Fig. 3a) . In addition, the interaction term intensifies in the future with statistically significantly stronger values over the regions with significant positive and negative values of this term (Figs. 1 and 3a) . This result represents a more effective interaction between the wave anomalies related to BHs and the climatological waves. Figure 4 shows the same variables as Fig. 1 but only for the WN1 component. In both past and future, the contribution of WN1 to the total fields is the largest, particularly for the interaction term. This is explained by the spatial coincidence between the distribution of BH-associated positive or negative heat flux anomalies and climatological ridges or troughs in the WN1 pattern (compare Figs. 1a and 4a with Fig. 2b ). All these features agree well with N11.
In the future period, the changes in the WN1 component strongly resemble those found in the total eddy heat flux field: the increasing magnitude of the interaction term, the eastward shift of the pattern in the North Pacific and the larger extension of the influence sector over Eurasia, particularly eastward. Additionally, Fig. 4 shows an intensification of [y*T*] a associated with WN1 in the future. These future changes are statistically significant (Figs. 4g-i and 3b) .
We have so far focused on the analysis of the WN1 component of the wave activity since it is the predominant one, showing the most significant future changes that account for most of those detected in the overall wave activity. Nevertheless, it should be pointed out that while BHs over the western North Pacific and eastern Asia are characterized by a suppression of upward wave activity, BHs over the eastern Pacific and Alaska tend to enhance the wavenumber-2 (WN2) component of wave activity (not shown). This positive contribution of the WN2 eddy heat flux explains the disagreement in the sign between the total [y*T *] a and the WN1 component over Alaska (Fig. 1a versus Fig. 4d ) and it is consistent with previous studies showing that split MSWs are usually preceded by BHs over that region (e.g., Martius et al. 2009 ).
b. Influence of the location of BHs on polar stratospheric variability
As the location of BHs critically influences the anomalous meridional heat flux and, thus, the upward propagation of PW, there should also be a geographically dependent effect of the BHs on the polar stratospheric temperature (e.g., Newman et al. 2001) . To verify this, we have analyzed the changes in the stratospheric temperature poleward of 708N. Following the methodology of N11, the tendency of the anomalous polar temperature at 10 hPa during the occurrence of BHs has been computed (Fig. 5) . This tendency corresponds to the difference in the anomalous temperature between the averaged periods from 15 to 114 days and from 210 to 21 days of the peak time of BHs. Figure 5 demonstrates that the effect of the geographical location of BHs on the polar stratospheric temperatures is consistent with its effect on the PW propagation in both periods of study. The BHs that lead to an enhancement of wave activity are associated with a subsequent warming of the polar stratosphere. The opposite occurs for the BHs that are responsible for FIG. 4 . As in Fig. 1 , but only for WN1. 538 a suppression of wave activity. An aspect to highlight is that the regions with statistically significant values are larger over the eastern Asia-Pacific region than over the Euro-Atlantic sector in both periods. The asymmetry between the two sectors is also reflected in the plots of anomalous heat flux, particularly in the WN1 component, and was detected by N11 in reanalysis data. This could be related to the fact that BHs over the North Pacific usually originate in the eastern part and retrograde toward eastern Asia, leading to a more prolonged influence on the WN1 wave propagation and the polar stratosphere than BHs over Eurasia (Takaya and Nakamura 2005; N11) .
The future changes in the geographically dependent response of the polar stratospheric temperature are similar to those found for the heat flux. In particular, BHs with influence on stratospheric temperature occupy larger areas in the future than in the past. This change is statistically significant (Fig. 5c ) and is presumably related to the future intensification of the interaction between climatological waves and BH-associated wave anomalies.
The relationship between the geographical location of BHs and their effects on the polar stratosphere temperature anomalies suggests that BHs would also tend to appear in preferred regions preceding extreme polar vortex events. This is confirmed by Fig. 6 , which shows the fraction of BHs (%) around each grid point in the 10 days preceding the central date of weak or strong vortex events (MSWs and SPVs, respectively). The values of this fraction, however, are not very large, particularly for the past MSWs, because of the low probability of extreme polar vortex events with respect to the total number of days in each period of study and the particular restrictions imposed in the identification of BHs (separation of events).
In the case of past MSWs, the geographical distribution of BHs preceding MSWs agrees well with that of BHs enhancing planetary wave activity (Fig. 6a) . However, in the future, BHs prior to MSWs tend to be more delocalized and a higher fraction of BHs is found in most regions (particularly over the Atlantic and Eurasia) compared to the past (Fig. 6b) . Different reasons could be behind this delocalization. One might be the increase in the frequency of MSWs, although it is not statistically significant. In fact, when selecting extremely weak polar vortex events based on the NAM index (with a threshold of 22 standard deviation and the same number of events in both periods), BHs are still found in a larger area over Eurasia in the future than in the past, but the delocalization is reduced (not shown).
Another explanation for this delocalization might be a future decrease in the frequency of BHs [already shown by some studies from phase 5 of the Coupled Model Intercomparison Project (CMIP5) such as DunnSigouin and Son (2013) or Masato et al. (2013) ], because we fix the same number of events around each grid point for both periods of study. Thus, some anticyclonic anomalies that are not blockings according to the definitions used by the cited studies might be included and have a weak effect on the upper-tropospheric wave activity and the polar stratosphere. However, as already shown, the selected future BHs lead, in general, FIG. 5 . Tendency in the anomalous temperature poleward of 708N at 10 hPa associated with the occurrence of BHs around each grid point. The tendency is computed as the difference between 15 to 114 days after the peak of BHs and 210 to 21 days before their peak for the (a) past and (b) future period of the RCP8.5 run. Shading interval: 2 K. Contours indicate the regions with statistically significant values at a 95% confidence level (t test).
to stronger anomalies of heat flux of both signs depending on the location and in a more effective influence of BHs on the polar stratospheric temperature. In fact, the higher number of future BHs over the Atlantic and Eurasia prior to MSWs can be related to a weaker polar vortex in the future and a stronger upward wave activity associated with BHs over that area. Both features are consistent with each other. The stronger wave activity is reflected in the intensification of the anomalous heat flux as a result of a strengthening of the WN1 component of the interaction term of the eddy heat flux associated with the onset of BHs (Figs. 1 and 4 ) and in the farther extension of strong anticyclonic anomalies in these regions that will be shown in section 4. The increasing importance of the WN1 interaction term prior to MSWs is also verified in Fig. 7 , where the evolution of the WN1 component of the anomalous eddy heat flux and its contributing terms around the occurrence of MSWs is shown. It can be seen that the interaction term becomes statistically predominant in the future before and during the peak of the anomalous WN1 wave activity associated with MSWs. A similar feature lacks in the case of the WN2 component of the interaction term (not shown). In addition, in February an increase in the fraction of BHs out of the total 20 BHs around each grid point over the Atlantic and Eurasia has been identified (not shown), which is consistent with the month with the highest future increase in the number of BHs in the RCP8.5 run (Ayarzagüena et al. 2013) .
Another remark about future changes in the position of BHs prior to MSWs concerns the location of the BH maximum over Eurasia. Whereas it is located over Scandinavia in the past, the future maximum is located over Ural Mountains. This eastward shift is consistent with the farther eastward extension of BHs affecting wave activity. Concerning the SPVs, the past distribution of BHs also agrees well with the results for the eddy heat flux anomalies and with those of N11; that is, there is a clustering of BHs over the North Pacific preceding the occurrence of SPVs in both periods of study (Figs. 6c,d ). In the future, BHs preceding SPVs remain mainly localized over eastern Asia and the northwestern Pacific, the main region with a destructive interaction between wave anomalies and the climatological WN1 wave (Fig. 6d) . However, consistent with the eastward shift of the interaction term noted above (Fig. 1i) , their probability of appearance decreases over eastern Asia.
Discussion
In section 3 the ability of EMAC to reproduce the effects of the location of BHs on the upward propagating PW activity and on the polar stratospheric temperature in wintertime as seen in reanalysis (N11) was shown. While no major future changes in the influence pattern of BHs on the upward PW propagation were detected, geographical variations in the main pattern over the Pacific and Euro-Atlantic regions and the intensification of the WN1 component of the interaction between climatological waves and wave anomalies that accounts for most of the changes in the wave activity were identified. In this section, we will discuss the possible causes for these changes and the robustness of the future signal.
a. Possible explanations for the future changes in the response of the wave activity to the location of BHs
In Fig. 8 , the mean geopotential height amplitude of the BHs around each grid point in their peak time is compared in the past and future to link possible variations in the properties of BHs to the changes in the geographically dependent response of PW activity to BHs. In the past, the BHs located over the North Pacific and the western Atlantic were associated with the largest anticyclonic anomalies (Fig. 8a) . In the future, an eastward displacement of the centers of maximum anomalies (Fig. 8b) occurs in both sectors, visible by the negative (positive) values on the west (east) side of the basins in the difference plot (Fig. 8c) . Thus, the eastward shift of the pattern of influence of BHs on the upward PW propagation coincides with a shift of the BH amplitude. Apart from this common shift, we also see specific changes in each sector. Over the Pacific, the BHs get, in general, stronger in the future, particularly east of the date line. In the Euro-Atlantic sector, strong anomalies extend farther downstream, indicating an intensification of the BH amplitude over Eurasia. As mentioned in section 3b, this also explains at least partially the delocalization of the future BHs preceding MSWs. The region with strong anticyclonic anomalies over the Euro-Atlantic area is broader in the future, which favors a larger area with an effective positive modulation of the climatological waves by BHs. Future changes of BHs over the Euro-Atlantic sector in EMAC are similar to those described by Sillmann and CrociMaspoli (2009) and Croci-Maspoli (2009) identified an intensification of the blockings in the area around the British Isles toward the Norwegian Sea as a consequence of this shift. Some CMIP5 studies have also shown a decrease in the frequency of BHs over the Atlantic and an increase over western Russia in the annual mean or in wintertime (Dunn-Sigouin and Son 2013; Masato et al. 2013 ). This change is present in multimodel annual mean (DunnSigouin and Son 2013) and in half of the models analyzed by Masato et al. (2013) for winter, being the Max Planck Institute Earth System Model, medium resolution (MPI-ESM-MR, a new generation of ECHAM5 and so, belonging to the same atmospheric model family as EMAC), among them. However, in this season, models show some spread in the frequency change over the EuroAtlantic sector (de Vries et al. 2013; Masato et al. 2013) .
De Vries et al. (2013) explained the future farther eastward extension and displacement of the EuroAtlantic winter blockings by changes in the mean climate, particularly an increased downstream variance, due to a stronger and more eastward extending future upper-tropospheric jet. They found that because of this increase in variability, Rossby wave breaking takes place farther eastward, favoring the more eastward occurrence of blockings. In EMAC, similar future intensification and larger extension of the mean jet are detected in the Atlantic area (Fig. 9a) . The increase in zonal wind is located approximately over the jet and it is stronger in the entrance and the exit regions of the jet than in its core. Toward Europe, the wind increase in the exit of the jet denotes a farther eastward extension of the future jet. This explains the higher amplitude of the BHs over Eurasia in the future, since these changes in the background state favor the occurrence of strong anticyclonic systems farther eastward.
In addition, variations in the climatological eddy geopotential height (Z c *) at 250 hPa (i.e., the climatological deviation of Z from the zonal mean) are also identified in the future (Figs. 2 and 9c) . In Fig. 9c , we show for both periods the wintertime Z c * at 250 hPa averaged between 408 and 608N together with the composite amplitude of BHs in that latitude band. The selected latitude band corresponds to that where Z c * shows its maximum values at this level. First, a slight increase in Z c * can be seen between approximately 508 and 908E, a longitude range where the BH amplitude is also increasing. Second, an eastward shift of Z c *, particularly over eastern Asia-North Pacific is found, coinciding with a similar shift and increase in the BH amplitude distribution. Hence, Z c * decreases in a 608 longitude sector centered at the date line. These changes can also be identified in Fig. 2a . As the interference between climatological and BH-associated anomalous waves depends partly on the relative phase of the climatological and anomalous waves, a shift of Z c * also affects the pattern of the interaction term, resulting in an eastward shift of the interaction term.
A future change in the upper-tropospheric jet is also identified over the eastern Asia-Pacific area (Fig. 9a) . The jet shifts northeastward, as represented by positive future-minus-past differences of the zonal wind at 250 hPa at the northeastern edge of the Asian-Pacific jet and negative differences at its southwestern part (Fig. 9a) . This shift coincides with a significant future change in the Aleutian low, which strengthens and moves northeastward (Fig. 9b) . It is responsible for the eastward displacement of the pattern of influence of BHs on the wave activity. The strengthening of the Aleutian low leads to an intensification of the stationary WN1 wave (e.g., Garfinkel et al. 2010) , identified in Fig. 2b . Previous studies by Ayarzagüena et al. (2013) and Oberländer et al. (2013) found that GHG-induced tropical SST changes were responsible for the enhancement of future WN1 wave activity in winter. The mechanism involved in the WN1 amplification could be similar to that leading to the stratospheric response to the El Niño phenomenon, as the response of the prescribed SSTs in our run to global warming resembles the El Niño pattern over the equatorial Pacific (not shown). Additionally, we have found changes in the basic state similar to the extratropical response to El Niño: deepening and northeastward shift of the Aleutian low (Horel and Wallace 1981) . Finally, some authors such as Taguchi and Hartmann (2006) , Scaife (2009), and Garfinkel et al. (2010) have found an amplification of the stationary WN1 wave activity as a result of the intensification of the Aleutian low related to El Niño events. As expected, the intensification of the WN1 stationary wave is also identified at 100 hPa, where we have detected the future intensification of WN1 heat flux anomalies, particularly in the interaction term, in section 3 (Figs. 4  and 7) . Since the intensity of the interaction between climatological and anomalous waves depends not only on the amplitude of the climatological wave, but also on the amplitude of the anomalous wave and the phase difference between them, it is important to determine how the possible changes in these three factors contribute to the strengthening of the interaction term of the eddy heat flux. Therefore we have isolated the effects of each factor during the occurrence of MSWs, which are triggered by strong injection of tropospheric wave activity. Figure 10 shows the evolution of the mean amplitudes of the anomalous and the climatological stationary waves of WN1 Z* at 608N and 100 hPa and the phase difference between them during the period from 230 to 130 days before and after the occurrence of these events in the past and future. From this analysis, one can deduce that the future intensification of the WN1 interaction term in section 3 (more exactly in this case in Fig. 7) comes from the amplification of the stationary WN1 wave, as it is the only factor that shows a statistically significant change in the future. This implies that it is mainly the change in the climatological mean state, rather than the variability about that state, that dominates.
It is necessary to note that although most climate models project an El Niño-like pattern in the future, a few atmosphere-ocean coupled GCMs (AOGCMs) do not show this pattern (Collins et al. 2014) . As the future intensification of WN1 wave activity could be dependent on this SST response, it could be absent in those models that do not include the strong signal over the tropical Pacific in the future.
b. Robustness of the future signal
To test the robustness of our previous results deduced for an extreme climate change scenario (RCP8.5), we have repeated the analysis for another simulation under a weaker future scenario (RCP4.5). Figure 11 shows the results for the response of the PW upward propagation to the location of BHs for the RCP4.5 scenario. In the past, the main regions with BHs influencing the wave propagation are comparable to those of the RCP8.5 run , which is consistent with the similarity in forcings of both runs in the past. In particular, the pattern of influence of BHs on the interaction term of the eddy heat flux is comparable. This is important since it has been shown that BHs mainly produce the modulation of the PW activity through the interaction of the anomalous waves associated with these structures and the climatological waves. Nevertheless, some differences are found, most of them concerning the [y a *T a *] a term due to internal variability of the model (Fig. 11b) .
On the other hand, when comparing the past and the future of the RCP4.5 run, similarities in the future changing pattern of BH influence on the upward PW propagation are identified with respect to those detected FIG. 11 . As in Fig. 1 , but for the RCP4.5 run.
in the RCP8.5 run. However, these common changes between both runs only concern the interaction term and are much weaker in the RCP4.5 run than in the RCP8.5 one that the statistical significance of the RCP4.5 changes is very weak (Figs. 11g-i ). The eastward shift over the Pacific and the larger eastward extension over the Atlantic in RCP4.5 are also identified in the interaction term (Figs. 11c,f) but, for instance, the former is not obvious in the total anomalous eddy heat flux plot (Figs. 11a,d ). This is because of the positive contribution of the nonlinear term that is not reduced in the future in the RCP4.5 run in contrast to the RCP8.5 one (Figs. 11b , e,h), but even intensifies and extends farther eastward over the Pacific sector (although not statistically significantly). For a more detailed analysis of the robustness of the signal and because of the noise in Fig. 11 , we have repeated the same analysis of the heat flux associated with the BHs over the latitude band 558-708N, where the BHs have the strongest influence on the wave activity (Fig. 12) . The eastward shift of the pattern over the Pacific is evident in the future shift in the peak of the negative values of heat flux around 1608E in the total field and the interaction term. The farther eastward extension of BHs with significant influence on the heat flux over Eurasia is clearly indicated by the stronger values of heat flux in the region between 108 and 508E. In both plots the stronger peaks of heat flux in the EuroAtlantic and Pacific sectors in the future highlight the intensification of the interaction term.
Please note the following two comments on the robustness of the future changes. First, the upper tropospheric jet in the RCP4.5 run shows a weaker but similar change in the future to that in the RCP8.5 simulation and affects the response of the BH amplitude to future climate change in a similar way. Second, because of the apparent large internal variability of the model, we have repeated the analysis of the future changes in both RCP4.5 and RCP8.5 runs, but with a common past period corresponding to the average of both experiments considered as two ensemble members. In this second analysis, the regions with statistically significant futureminus-past differences of the total anomalous heat flux and interaction term are almost coincident, when considering 40 or 80 years for the past period. Thus, the results of this second analysis confirm the conclusions derived from the comparison of 40-yr periods of data.
In summary, the future changes in the pattern of BH influence on the upward propagating PW activity detected in the RCP8.5 run also appear in the RCP4.5 run, but they are weaker because of the higher intensity of the climate change signal in RCP8.5 than in RCP4.5. Among others effects, this involves stronger GHGinduced SST changes that seem to play a relevant role in future changes in the tropospheric dynamical forcing as revealed by studies using different models (e.g., Oman et al. 2009; Oberländer et al. 2013 ).
Summary and conclusions
In this study we have examined possible future changes in the response of the wave activity to the location of BHs and their effects on stratospheric variability in transient simulations of the period 1960-2100 carried out with EMAC CCM. While some recent studies have already analyzed this response for the recent past by using reanalysis data and model simulations (Martius et al. 2009; Orsolini et al. 2009; Castanheira and Barriopedro 2010; Nishii et al. 2010; Woollings et al. 2010; N11; Bancalà et al. 2012; Vial et al. 2013) , none has explored this relationship in the future yet, as far as we know.
First, it has been verified that EMAC is able to reproduce qualitatively well the geographical dependence of the BH influence on PW injection into the stratosphere and on stratospheric variability. In particular, by applying the same methodology as N11, it was shown that whereas BHs over the western Pacific tend to weaken the upward propagation of PWs leading to a strengthening of the polar vortex, the effect of BHs over the Euro-Atlantic sector on PWs is the opposite, favoring the occurrence of MSWs. These results are consistent with N11. It was found that the modulation of the PW activity by BHs is mainly achieved through the interaction of the wave anomalies associated with these structures and the climatological waves.
Although the main results concerning this response of the PW activity to locations of BHs do not change in the future, the following changes have been found: FIG. 12 . As in Fig. 3a , but for the RCP4.5 run.
d The pattern of the influence of the location of BHs on the upward PW propagation shows an eastward shift in the future in the Pacific region and a larger extension in the Euro-Atlantic sector, particularly on the eastern side. The Euro-Atlantic change appears together with a similar change in the distribution of the strongest BHs and is consistent with previous studies that focused on the response of Atlantic blockings to climate change (Sillmann and Croci-Maspoli 2009; de Vries et al. 2013; Masato et al. 2013) . Changes in the mean climate and in particular a stronger and more eastward extending upper-tropospheric jet stream in the future are consistent with this change. A shift in the climatological Aleutian low and in upper-tropospheric jet also leads to the variations in the BH-associated wave pattern over the Pacific.
d The WN1 component of the interaction between climatological waves and wave anomalies associated with the occurrence of BHs becomes more important in the future, resulting in a more effective influence of BHs on the polar stratosphere. This enhancement of the WN1 interaction term originates from an amplification of the climatological WN1 wave, probably related to the influence of the GHG-induced changes in tropical SSTs (Ayarzagüena et al. 2013; Oberländer et al. 2013) . As the tropical SST response to global warming resembles the El Niño pattern, the mechanism involved in this amplification of the WN1 stationary wave might be similar to that responsible for the extratropical response to the El Niño phenomenon: intensification and northeastward shift of the Aleutian low (Horel and Wallace 1981; Ineson and Scaife 2009 ).
The described future changes in the response of the wave activity to the location of BHs modify the distribution of BHs preceding extreme polar vortex events. In the case of MSWs, BHs tend to be more delocalized in the future, occupying a broader area over the Euro-Atlantic sector. In this broad area, the region with strong anticyclonic anomalies is extended farther eastward in the future, leading to a larger area of BHs that could enhance upward propagation of wave activity, as it is coincident with the wide ridge of the climatological WN1 of geopotential height. Additionally, a future intensification of the stationary WN1 activity will contribute at least partially to the future weakening of the polar vortex in middle and late winter and the subsequent, but not statistically significant, change in MSW frequency. As for SPVs, future BHs tend to follow the distribution according to the stationary WN1 wave pattern too, being more concentrated over the Pacific region. In contrast to MSWs, the areas with strong anticyclonic anomalies that lead to a negative interference with climatological waves remain confined to the eastern Asia-Pacific area and do not show a larger extension in the future than in the past. Moreover, in both cases of BHs preceding MSWs or SPVs, an eastward shift of the main regions with BHs is identified in the future in agreement with the changes detected in the pattern of BH influence on the wave activity. The signal of the derived future changes has been shown to be robust for several reasons. First, while no studies have previously focused on future changes in the influence of the BHs on stratospheric variability, the variations in the background state that explain some of the detected changes in this study agree with those identified by other authors (Sillmann and Croci-Maspoli 2009; de Vries et al. 2013; Masato et al. 2013) . Additionally, similar changes have been observed in two transient EMAC simulations under different future climate change scenarios (RCP8.5 and RCP4.5). However, the future changes were more prominent under the extreme climate change scenario than under the weaker one. Nevertheless, as the exact geographical distribution and other features of BHs depend on the climatological atmospheric circulation and may be affected by model biases (Scaife et al. 2010; Anstey et al. 2013) , it is planned to extend this analysis to the output of different models.
Finally, the results of our analysis have contributed to the explanation of future changes in the wintertime polar stratospheric variability, as it was demonstrated how changes in the tropospheric mean state can also lead to modifications in the location of tropospheric precursors of polar stratospheric variability.
